The aim of the present study was to investigate the immunological effect induced by bone marrow mesenchymal stem cells (MSCs) in rats that had undergone an orthotopic liver transplantation (OLT). MSCs were isolated and cultured from the bone marrow tissue of Lewis rats. In total, 42 rat OLT models were established and equally distributed into three groups. Group A received an OLT only, group B were also intramuscularly injected with tacrolimus (FK506), while group C were not only administered FK506, but also received MSCs. On day 7 post-surgery, the blood levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST) and total bilirubin (TBIL) were measured. In addition, pathological changes were observed in the liver, levels of immune cytokines, including transforming growth factor (TGF)-β 1 , interleukin (IL)-10 and IL-12, were determined using immunohistochemistry, MSC homing was assessed and the survival times of the patients were recorded. Liver function, as assessed by the levels of ALT, AST and TBIL, was shown to improve in group C when compared with groups B and A (both P<0.01). In addition, survival analysis revealed that the survival times in groups B (median, 44 days) and C (median, 63 days) were significantly longer compared with group A (median, 11 days; both P<0.01). The survival rate of group C was also higher compared with group B (P<0.01). Pathological examination demonstrated strong acute rejection in group A, a mild acute rejection in group B and the mildest reaction in group C. In addition, immunohistochemistry revealed that TGF-β 1 and IL-10 expression was stronger in groups C and B, with group C exhibiting more significant expression than group B. By contrast, expression levels of IL-12 in groups A, B and C were positive, weak-positive and negative, respectively. Therefore, postoperative immunosuppression induced by MSCs is important for the alleviation of immune rejection from recipient-to-graft, and may induce immune tolerance in rat OLT models.
Introduction
From the first orthotopic liver transplantation (OLT) by Thomas Starzl (1) , liver transplantation has become an effective therapeutic option for the treatment of end-stage liver disease. However, postoperative immune rejection is the main cause for early stage liver dysfunction following liver transplantation. Immune rejection is also associated with various other complications, such as pulmonary disease. In a previous study by Bozbas et al (2) , pulmonary complications were detected in 42.1% of liver recipients; pneumonia, in 21.1%; and pleural effusion on early postoperative chest radiographs, in 32.5%. In clinical practice, an immune rejection response can be partly controlled by a number of novel immunosuppressants, which are required by almost all patients for prolonging the survival time. However, these drugs are associated with a number of issues, including high costs and numerous side effects. In addition, chronic immune rejection is inevitable (3) (4) (5) . A number of in vitro studies (6) (7) (8) (9) have reported that mesenchymal stem cells (MSCs) produce an immunosuppressive effect. MSCs have also been demonstrated, by Wood et al (10) , to have important roles in the induction of immune tolerance following organ transplantation in vivo. MSCs suppress allogeneic T cell responses by secreting soluble factors, such as prostaglandin E2, interleukin (IL)-10 and IL-6 (11). Kordelas et al suggested that MSC-derived exosomes, which are released by exocytosis from the plasma membrane, may benefit therapy-refractory patients with graft versus-host disease (12) . Therefore, the aim of the present study was to clarify the immunological effect induced by bone marrow MSCs in rats that had undergone an OLT, in order to establish a theoretical base for improving the survival times of patients undergoing a liver transplantation.
Materials and methods
Animals and reagents. In total, 42 female Lewis rats and 42 female Brown Norway rats were used as donors and recipients. Two male Lewis rats were randomly chosen for the extraction of MSCs. All the rats (weight, 180-220 g; age, three months) were provided by the Experimental Animal Center of Xinjiang Medical University (Ürümqi, China), and were housed with free access to water. Low glucose Dubecco's modified Eagle's medium (LG-DMEM) was purchased from Gibco Life Technologies (Carlsbad, CA, USA) and good grade fetal bovine serum (FBS) was obtained from Hangzhou Sijiqing Biological Engineering Materials Co., Ltd. (Hangzhou, China). Trypsin (1:250) was purchased from Blue quarter of Shanghai Science and Technology Development Co. (Shanghai, China). Both L-glutamine and poly-L-lysine were obtained from Sigma-Aldrich (St. Louis, MO, USA). An inverted phase contrast microscope (CKX41-A32PH) was obtained from Olympus Corporation (Tokyo, Japan). Rabbit anti-rat antibodies targeted against interleukin (IL)-10 (cat. no. bs-6761R), IL-12 (cat. no. bs-10641R) and transforming growth factor (TGF)-β 1 (cat. no. bs-0086R) were purchased from Beijing Boao Sen Biotechnology Co., Ltd. (Beijing, China). A rabbit two-step kit (PV6001) was obtained from Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd. (Beijing, China) and a SRY in situ hybridization detection kit was purchased from Wuhan Bo Shide Biological Engineering Co., Ltd. (MK1034; Wuhan, China).
Isolation, culture and identification of MSCs. Following abdominal administration of 4% chloral hydrate anesthesia (1 ml/100 g; Qingdao Yulong HAIZAO Co., Ltd., Qingdao, China), male Lewis rats were sacrificed and the femur was obtained. The bone samples were immersed in 0.2% penicillin-streptomycin solution (XB-100X; Guangzhou Xiang Bo Biological Technology Co., Ltd., Guangzhou, China) and then flushed by PBA-A. The femoral epiphysis was harvested and the cavitas medullaris were repeatedly washed with LG-DMEM solution. Next, ~50 µl mixed bone marrow cell suspension was collected, dyed with trypan blue and counted on a cell count board under a LEICA ortho microscope (Leica Microsystems GmbH, Wetzlar, Germany). The cell density was adjusted to 6-8x10 6 /ml, after which 10% FBS was added and the cells were inoculated in the culture flask for culture. After 48 h, the liquid was changed for the first time and the non-adherent cells were removed. When the cultured MSCs reached ~90% cell fusion degree, they were subcultured into new culture bottles at a cell density of 2-5x10 5 /ml. 0.125% trypsinization was used for serial subcultivation. A cell suspension of the third generational passage was collected with a density of 2x10 4 /ml and centrifuged at 250 x g for 5 min at 4˚C. Subsequently, the cells were passed through a 200 µm filter and the density was adjusted to 2x10 6 /ml. Finally, the cells were stored in a refrigerator at 4˚C (13, 14) .
Animal model establishment. Rat OLT models were established according to the modified classic 'two-cuff technique' (15) . A successful model was defined by the recipient living for >48 h. In general, the rats were able to drink water containing 10% glucose immediately following consciousness, with free access to food one day after the OLT. All the rats were divided equally at random into three groups. Group A rats underwent the OLT only, group B were intramuscularly injected with tacrolimus (FK506; 2 mg/kg/day) for one month following the OLT, while group C rats were administered not only FK506, but also a suspension of MSCs (1x10 6 /200 g) infused through the portal vein immediately following bile duct anastomosis. Ethical approval was obtained from the Medical Ethics Committee of the Affiliated Tumor Hospital of Xinjiang Medical University (no. W-201309).
Specimen collection and measurement. On day 7, six rats that had undergone an OLT were randomly sacrificed in each group for hepatic function and pathological analysis. Alanine aminotransferase (ALT), aspartate aminotransferase (AST) and total bilirubin (TBIL) levels were analyzed. Pathological examination was performed on the grafts using hematoxylin and eosin staining, while the levels of various cytokines, including TGF-β 1 , IL-10 and IL-12, were measured by immunohistochemistry using a rabbit two-step kit according to the manufacturer's instructions. SRY in situ hybridization was applied to locate the MSCs containing a Y chromosome (from the male donor). The remaining eight rats from each group that had undergone an OLT were observed for survival rates. The procedures were conducted according to the methods of Wei et al (16) .
Statistical analysis. SPSS 15.0 (SPSS, Inc., Chicago, IL, USA) software was used for statistical analysis. Analysis of variance was used to analyze the levels of AST, ALT and TBIL in the three groups. Least significance difference analysis was performed to assess the differences among the groups. Statistical analysis of the expression of TGF-β 1 , IL-10 and IL-12 in the three groups was carried out using a Kruskal-Wallis test. Comparisons between the levels of these three cytokines in two groups were conducted using a Mann-Whitney U test (adjusted α'=0.05/3) In addition, Kaplan-Meier survival curves and the log-rank test were performed to analyze the survival rates. Experimental data are expressed as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results
Morphological changes to the MSCs. At 72 h after the primary culture of MSCs, there were a number of oval-shaped adherent cells and a small number of cells undergoing stretching and deformation, presenting as a polygon or fusiform-shaped ( Fig. 1-A1 ). These cells proliferated rapidly and formed clones after three to five days. A small number of cells were confluent (cells in the first generational passage; Fig. 1-A2 ), and up to 90% confluency was achieved after seven or eight days. The third generational passage cells were almost all adhered to the wall and evenly spread, with a typical uniform long spindle morphology. These cells also proliferated rapidly, and >90% confluency was achieved after four or five days, presenting as whirlpool and pectiniform shapes ( Fig. 1-A3 ).
General situation following the OLT. Between days 2 and 3 after the OLT, the recipients in group A appeared very lethargic and were not eating. The rats responded slowly to an outside stimulus. After five to seven days, the rats began to show progressive jaundice, loss of awareness, apparent appetite reduction and gradual weight loss. The rats continued to appear lethargic and have a poor response to outside stimuli. Consequently, the rats succumbed naturally between days 9 and 13 after surgery. In the autopsy examination, no intra-abdominal ascites or distortion of the biliary stent casing were observed, while the edema of the liver and spleen was serious. In groups B and C, within seven days of the OLT, the recipients exhibited a passive mood, their diet was poor and their response to outside stimuli appeared a little clumsy.
However, in groups B and C recovery was observed ~14 days after the OLT, with the rats becoming active, improving their diet and gradually increasing in weight at one month after surgery. After five weeks the recipients in group B began to die, due to chronic immune rejection.
Hepatic functional measurements. On day 7 after the OLT, hepatic function in group C was significantly improved compared with groups A and B (Table I) .
Histopathological examination. On day 7 after the OLT, group A rats exhibited strong acute rejection, and substan- tial necrosis of the hepatic cells was observed. Group B rats presented with mild acute rejection and there was evident inflammatory infiltration, mainly concentrating in the portal area, without cellular necrosis. Group C rats manifested the mildest rejection and there was almost no observations of inflammatory infiltration, with the structures clearly visible. In the three groups, pathological changes caused by acute immune rejection were classified according to the standard recommended by Williams et al (17) (Table II and Fig. 1-B) .
Immunohistochemical results. TGF-β 1 was mainly secreted by MSCs and their differentiated cells, including T helper 1 (Th1) cells. IL-10 was primarily secreted by T helper 2 cells, mono-nuclear cells, MSCs and their differentiated cells. IL-12 was predominantly secreted by antigen-presenting-cells (APCs), such as dendritic cells, and mononuclear cells and Th1 cells. The majority of these cells were found in the portal area. When the nucleus and part of the cytoplasm were stained with brown particles, the cells were regarded to exhibit positive expression. A total of five high-density positive cell areas in the portal area were randomly selected under a microscope (magnification, x400) to observe the proportion of positive cells. If the percentage of positive cells was <10%, 10-25%, 26-50% and >50%, the cells were regarded as negative (-), weak positive (+), medium positive (++) and strong positive (+++), respectively. Weak positive and medium positive samples were considered to exhibit low expression, while strong positive samples were considered to have high expression (18) (Table III) .
SRY in situ hybridization. On day 7 after the OLT, the results revealed a number of positive cells, with part of the cytoplasm and the nucleus stained brown. These cells were the MSCs obtained from the male donor rats containing the Y chromosome, and were primarily found in the portal area ( Fig. 1-C) .
Survival analysis. From the Kaplan-Meier survival curve, the survival times in groups B (median, 44 days) and C (median, 63 days) were shown to be significantly longer compared with the rats in group A (median, 11 days; both P<0.01). In addition, the survival rate of the rats in group C was significantly higher compared with group B (P<0.01). On day 28 after the OLT, one rat from group C succumbed Figure 2 . Survival curve of the recipients in each group following orthotopic liver transplantation. Survival times in groups B and C were significantly longer compared with group A (P<0.01). The survival rate of group C was also higher compared with group B (P<0.01). Table III . Expression of TGF-β 1 , IL-10 and IL-12 in the three groups after OLT. Group A  0  0  0  6  Group B  0  3  3  0  Group C  3  3  0  0 Classification according to the standard recommended by Williams et al (17) . OLT, orthotopic liver transplantation.
to biliary tract obstruction. An additional rat succumbed on day 55; however, the cause was unknown (Fig. 2 ).
Discussion
MSCs are characterized by their ability to self-renew and differentiate into various cell lineages. The cells have a wide range of sources. Research into the clinical application of MSCs is increasing, with in vitro and in vivo studies (19) (20) (21) demonstrating the immunoregulatory effect of MSCs. Bartholomew et al (22) found that MSCs were able to prolong allogeneic skin graft survival in baboons, despite the cells being collected from a 'third party' (not from the donors or recipients). In addition, MSC infusion suppressed immune rejection, while the recipients did not inflict an immune rejection against the MSCs. Schatton et al (23) also reported that MSCs had the same effect in a model of allogeneic heart transplantation. Clinical liver transplantation has become an effective treatment for advanced chronic liver disease and certain cases of acute liver failure. Postoperative acute immune rejection seriously affects the outcome of liver transplantation. In clinical practice, a number of novel immunosuppressants are used to maintain liver function by controlling immune rejection following liver transplantation. However, administration of these drugs is limited due to the high-cost, severe toxicity and side effects. In addition, these drugs are unable to prevent chronic immune rejection. The ideal pathway of immunosuppressants for prolonging graft survival is to induce specific immune tolerance of recipients-to-grafts (24, 25) . Previous studies (26, 27) have indicated that the third generational passage cells of MSCs had a strong proliferation capability and vital force, with the cell survival rate reaching >90%. In the present study, these conditions were also demonstrated by elaborative observation under an inverted microscope during the whole process of MSC culture (Fig. 1A) . Therefore, the third generational passage cells of donor MSCs were synchronously infused into recipients during the OLT. Compared with the other groups, synchronously infused MSCs combined with postoperative immunosuppressant therapy were shown to reduce the dose of postoperative immunosuppressant application, relieve acute immune rejection and induce immune tolerance, through measuring hepatic function, observing hepatic pathological changes, detecting immune cytokines and observing the survival times of the recipients. These effects may be due to a number of reasons. Firstly, MSCs may immunoregulate the functions of host T cells (28) (29) (30) by direct regulation (31, 32) , where the MSCs change the immune function through direct contact between cells to regulate the ratio changes of T cell subsets, or indirect regulation (33) (34) (35) , where MSCs may inhibit the growth and activation of T cells to cause relative changes to the T cell subsets in order to induce a lower T cell response, through the secretion of immune cytokines, including TGF-β 1 , hepatocyte growth factor, and metabolic products, such as prostaglandin E2 or indole-2,3-dioxygenase. Beyth et al (9) indicated that MSCs affected the maturation of normal APCs indirectly to cause T cells to become unresponsive, through the secretion of IL-10 and the inhibition of monocyte IL-12 secretion, ultimately inhibiting immune rejection. In the current study, strong positive expression of the immune cytokines, TGF-β 1 and IL-10, was observed in group C, and expression was more evident compared with group B. Expression in group A was weak positive. In addition, the expression of IL-12 in groups A, B and C was observed to be medium positive, weak positive and negative, respectively. MSCs are known to increase the secretion of TGF-β 1 and IL-10 (36) and inhibit the secretion of IL-12 following OLT, which is in accordance with the aforementioned conclusions (37) . An additional possible mechanism by which MSCs may exert their effects is that MSCs may inhibit the formation of cytotoxic lymphocytes and reduce the activation of NK cells (38) . Finally, MSCs may depress the differentiation and maturation of dendritic cells and interfere with the function of endocytosis; MSCs may also upregulate CD8 + CD28 -T cells to inhibit immune rejection (39) . FK506 is an immunosuppressant and MSCs have an inhibitory immune rejection effect. Consequently, in the present study, the survival times of the recipients in group C were significantly longer compared with group A (P<0.01) and group B (P<0.01), with a median survival time of >63 days. On day 7 after the OLT, the levels of AST, ALT and TBIL in group C were significantly lower compared with group A (P<0.01) and group B (P<0.01; Table I ). With regard to histopathological examination, group A exhibited severe immune rejection, while the reaction in group C appeared significantly milder when compared with groups A and B. Thus, synchronous infusion of MSCs in a rat model of OLT was shown to reduce the dose of postoperative immunosuppressants applied, improving the long-term immune tolerance.
MSCs are hypothesized to inhibit immune rejection primarily through direct contact between cells and soluble immune cytokines by paracrine regulation. The pathway is very significant in alleviating transplant immune rejection (40) (41) (42) (43) . Thereby, it was necessary to determine the homing ability of MSCs to the graft liver in group C. Currently, there are a variety of methods to determine the homing ability. In the present study, Y chromosome location was selected (donors and recipients were female, while donors for MSC extraction were male). MSCs have a powerful homing ability and the liver is the main homing organ for transplantation cells, with 29-45% of transplantation cells locating in the liver (20, 21) . In the present study, MSCs were infused (1x10 6 /200 g) into the recipients via the portal vein immediately after anastomosing the bile duct. Through SRY in situ hybridization, positive cells with areas of the cytoplasm and nucleus stained brown were observed on day 7 after the OLT, primarily on the portal area (Fig. 1C) . These results suggested that, to a certain degree, the homing ability and immunosuppressive effects of MSCs were associated with MSC application.
In conclusion, MSCs may contribute to reducing the postoperative immunosuppressant dose by inhibiting immune rejection and inducing immune tolerance. In addition, MSCs have a wide range of sources and are easily isolated in culture; thus, MSC therapy has good potential for reducing the severe toxicity and side effects of immunosuppressant drugs, suppressing immune rejection and inducing immune tolerance following clinical liver transplantations in the near future. However, the detailed mechanisms require further research.
